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Abstract 
The Simultaneous Differential Scanning Calorimeter-thermogravimetric analyses (DSC-TGA) apparatus was used to investigate the 
influences of different oxygen contents and heating rates on properties of pyrolysis phase (from room temperature to 800 ) prior to 
smoldering establishment of polyurethane foam. Results show that reduction of both oxygen content and heating rate show inhibition 
effects on the pyrolysis of polyurethane foam, i.e., both cases can reduce the propagation rate of smoldering and the possibilities of its 
transition to flaming. The reduction of the heating rates mainly prolongs pyrolysis cycle, and thus the concentrations of produced volatiles 
and heat release rates are both descended. However, the influence of oxygen contents on polyurethane pyrolysis is relatively complicated. 
When oxygen content is less than 10% (volume ratio in mixed nitrogen-oxygen atmosphere), it is the decomposition temperature of 
polyurethane foam that is enhanced; when the oxygen content is between 10% and 50%, it is the pyrolysis rates, heat release rates and the 
amount of heat release that are reduced. In addition, the reductions of oxygen contents and heating rates inhibit the decomposition process 
of polyol that are the main material and energy source to maintain the smoldering propagation or its transition to flaming of polyurethane 
foam. 
© 2012 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
Flexible polyurethane (PU) foam is one kind of polymer materials that have an open cell structure. It has wide 
application in household and industrial fields for its excellent performance. The scale of PU industry in China will reach 9-
10 million tons by 2015, ranking first in the world, which includes 1.8-2 million tons of flexible PU foam, according to 
China Industry Association of polyurethane. Flexible polyurethane foam is prone to smoldering, thus more amount of toxic 
and combustible gases are released than flaming, which causees more risk in application. According to a survey, 1/3 of 
residential fires were originated from soft furniture [1]. Therefore,to understand and control of smoldering well, it is 
significant to research the characteristics of pyrolysis prior to smoldering of flexible polyurethane foam fatherly. 
Considerable experimental and theoretical work have been conducted on thermal stability and flame retardancy of 
polyurethanes [2], others mainly concentrated in the decomposition mechanism or the pyrolysis kinetics of polyurethanes [3-8]. 
Few researches were conducted to study the effects of experimental conditions on the pyrolysis characteristics of flexible 
polyurethane foam. Lucas et al. [9-11] measured pyrolysis products and heat release rates of polyurethane under different 
heating rates and temperatures. Daniela and Xue et al. [12,13] studied the pyrolysis process of polyurethane under different 
atmosphere, but only limited to nitrogen and air atmosphere. Oxygen concentration distribution is diverse in different 
reaction zones in actual smoldering, so it is significant to study the effects of oxygen contents on the pyrolysis of flexible 
polyurethane foam. From the research we can learn more about smoldering and its transition to flaming of flexible 
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polyurethane foam. Furthermore, most materials used in previous studies are synthesized in laboratory in order to avoid the 
additive influence on the pyrolysis of polyurethane, whereas commercial polyurethanes were used rarely. Commercial 
polyurethanes are chemically complex and contain thermally and hydrolytically labile groups such as urea, biuret, 
allophanate, ether and ester moieties, as well as various additives [14], so the conclusions based on the laboratory-synthesized 
materials do not reflect actual smoldering characteristics. 
2. Materials and methods 
2.1. Material and instrument 
Material and instrument Type Source 
flexible polyurethane foam Commercial the company of  Sinomax Polyurethanes (Shanghai) Co., Ltd 
SDT (simultaneous DSC-TGA) Q600  TA Instrument (USA) 
2.2. Methods 
2.2.1 Experiments under different oxygen contents 
Experimental material, flexible polyurethane foam, was divided into 7-9mg, and was squeezed into a Sample Crucible. 
The Sample Crucible filled with material and the empty Reference Crucible was placed on two weighing rods of the 
experimental instrument respectively, and then began to heat. The tested foams were heated to 800  in seven pyrolysis 
atmospheres with different volume ratios of oxygen-nitrogen (0:10, 1:9, 2:8, 3:7, 4:6, 5:5 and air) but the same gas velocity, 
100ml/min ,and heating rate,  10K/min. The information of weight loss and heat flux of the pyrolysis process were recorded 
by the experimental instrument SDT Q600. 
2.2.2 Experiments under different heating rates 
The experiment procedure of this part is similar to the above except the different experimental conditions. In this part, air 
was selected as the pyrolysis atmosphere. The tested foam was heated to 800  at three heating rates(10, 20, 50 K / min) 
respectively with the same velocity (100ml/min). 
3. Results and analysis 
3.1. The effects of oxygen contents 
There are seven groups of experiment in first part, and four set of the date (oxygen contents are 0, 10, 30, 50%) were 
selected for analysis. Results are shown in Fig. 1 to Fig. 3, which represent its TG, DTG and DSC data of the flexible PU 
foam decomposition. The temperatures values at different pyrolysis phase of the tested foam under different oxygen 
contents are summarized in Table 1. 
 
Fig. 1 TG curves of the tested foam under different atmospheres(heating rate 10K/min) 
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Fig. 2 DTG curves of the tested foam under different atmospheres(heating rate 10K/min) 
 
Fig. 3 DSC curves of the tested foam under different atmospheres(heating rate 10K/min) 
Table 1 The temperatures at different pyrolysis phase of the tested foam under different oxygen contents 
N2:O2 
Initial temperatures of main 
pyrolysis stage( ) 
Final temperatures of main 
pyrolysis stage( ) 
Temperatures at maximum 
weight loss rate( ) 
5:5 237 312 290 
7:3 238 324 293 
9:1 236 338 300 
10:0 238 404 377 
 
Fig. 1 to Fig. 3 shows the temperature of main weight loss and pyrolysis stage is between 240  and 400 . To guarantee 
accurate values, only if weight loss rate (ordinate of Fig. 2) is above 0.5%/min, the stage is defined as main pyrolysis. 
Because if weight loss rate is below 0.5%/min, it indicates that pyrolysis process is extremely slow and even has completed. 
Therefore, the temperature of main pyrolysis stage is between 240  and 340  under oxygen-containing atmosphere, while 
it is between 240  and 405  under nitrogen atmosphere (Table 1). Fig. 3 shows that the main pyrolysis stage is 
correspond to main exothermic stage. Besides, the main pyrolysis stage provides major material and energy for its 
smoldering, so it is the key research stage in this paper. 
The main pyrolysis stage of PU consists of complex physical and chemical reactions, so it is difficult to depict the 
detailed mechanism of pyrolysis process. It is accepted that PU breaks down in the C-O bond generating isocyanate and 
polyol firstly, then the decomposition or carbonization of polyol begin with the further increasing of the temperature [15]. 
However, large numbers of experiments confirmed that in open vessels it is volatilization rather than decomposition[3,16]to 
make isocyanate loss weight associated with brown-yellow smoke. This conclusion also is confirmed by Fig. 4, which 
shows the tested foam turns into brown-yellow (caused by the volatilization of isocyanate) at 250 . It’s beginning 
decomposition temperature of tested foam. Fig. 1 and Fig. 2 clearly show that the degradation of the flexible PU foam 
occurs in two steps. The first weight loss step can be considered as the volatilization of isocyanate, and the second weight 
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loss step is associated with the decomposition of polyol [6,10]. In addition, toxic and harmful gases mostly are generated in 
this main pyrolysis stage, such as HCN, CO2, CO, NOx, isocyanate, amines, alkenes, alkanes, and other toxic and 
flammable substances. 
 
 
Virgin foam 200  250  300  
 
400  500  600  700  
Fig. 4 The surface morphology of the tested foam decomposed to different temperatures under air atmosphere (heating rate 10K/min) 
The effects of oxygen content on the pyrolysis characteristics of flexible PU foam are shown in Fig. 1 to Fig. 3. The 
decreasing of oxygen content inhibits the pyrolysis of flexible PU foam, because both of the weight loss rates and heat 
release rates reduced with its decreasing, whereas the pyrolysis temperatures increased and the pyrolysis curves shifted to 
high temperature. However, the initial temperatures of main pyrolysis stage shown in table 1 are nearly 237 , which 
indicates that the oxygen content has little effect on decomposition reaction from flexible PU foam to isocyanate and polyol. 
Fig. 2 clearly shows that when oxygen content ranges from 10% to 50%, the DTG curves have only one peak; when 
oxygen contents reduced from 10% to zero, the DTG curve turned into two peaks gradually. The results also confirmed by 
other experimental [10, 13, 17-18]. The two steps fellow the volatilization of isocyanate and the decomposition of polyol under 
nitrogen atmosphere respectively based on the analysis before [10]. Therefore, the reduction of oxygen content mainly 
suppressed the decomposition of polyol actually. 
The weight loss rate of the tested foam under nitrogen atmosphere presented on the DTG curve is nearly zero between 
310  and 330  (Fig. 2), which indicated the ending of flexible PU foam decomposition into isocyanate and polyol, but the 
decomposition of polyol has not yet started. Therefore, the initial decomposition temperature of the polyol is about 330  
under nitrogen atmosphere. Thus, we can calculated from Fig. 1 that the weight loss of the two steps are 14.5% and 29.8%, 
which corresponds to the volatilization of isocyanate and the decomposition of polyol respectively. From Fig. 2 and Fig. 3, 
both weight loss rates and heat release rates increase greatly at about 280  under the three types of oxygen-containing 
atmosphere. It indicates the decomposition of polyol started at about 280 . 
Fig. 2 and Fig. 3 show that the weight loss rates and heat release rates all decreases with the reducing of oxygen content. 
When oxygen content decreases from 50% to 10%, the maximum rates of weight loss reduces from 47%/min to 8.7%/min 
and the maximum rates of heat release reduces from 9.2w/g to 2.3 w/g. The changes are caused by the suppression on the 
decomposition of polyol by the decreasing of oxygen content based on the analysis before. Therefore, the polyol is the main 
material and energy source to maintain the smoldering propagation and its transition to flaming of flexible polyurethane 
foam. 
Fig. 2 and Fig. 3 present some special features of pyrolysis process. When oxygen content decreases from 50% to 10%, 
the maximum rates of weight loss and heat release reduce greatly, whereas the temperatures at maximum weight loss rate 
and final temperatures of main pyrolysis stage only increase 10  and 26  respectively. When oxygen content decreases 
from 10% to zero, change in weight loss rates is relatively small, whereas the temperatures at maximum weight loss rate and 
final temperatures of main pyrolysis stage are increases apparently by 77  and 66  respectively. So we can concluded 
that the influence of reducing oxygen contents on the pyrolysis of flexible PU foam can be separated into two cases. When 
the oxygen content is between 10% and 50%, the reduction of oxygen content mainly reduces the pyrolysis rate and heat 
release rate; when the oxygen content is less than 10%, the reduction of oxygen content mainly enhances the decomposition 
temperature of flexible PU foam. 
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3.2. The effects of heating rates 
Fig. 1 to Fig. 3 present the TG, DTG and DSC data obtained from the decomposition of flexible PU foam at three heating 
rates (10, 20, 50K/min) under air atmosphere. 
 
Fig. 5  TG curves of the tested foam at different heating rates under air atmosphere  
 
Fig. 6  DTG curves of the tested foam at different heating rates under air atmosphere  
 
Fig. 7  DSC curves of the tested foam at different heating rates under air atmosphere  
150   Hu Shi-qiang and You Fei /  Procedia Engineering  52 ( 2013 )  145 – 151 
 
Table 2 The results of the selected parameters obtained from figure 6 
Initial temperatures and times of main 
pyrolysis stage( ) 
Final temperatures and times of main 
pyrolysis stage( ) 
Temperature and times at maximum 
weight loss rates( ) Heating rates
K/min  
Temperatures( ) Times (min) temperatures( ) Times (min) temperatures( ) Times (min) 
10 236 20.2 331 29.6 294 25.7 
20 234 10.2 354 16.2 308 13.7 
50 233 4.4 396 7.6 326 6.2 
 
Fig. 5 and Fig. 6 show the change in heating rates have no effect on the shape of pyrolysis curves, i.e. heating rate has no 
effect on the pyrolysis mechanism of flexible PU foam. Table 2 presents the initial temperatures of the main pyrolysis stage 
keep at about 235  despite the heating rate is changed, which is similar to the initial temperature of main pyrolysis stage at 
237  under different oxygen contents. Therefore, the initial temperatures of main pyrolysis stage have no correlation with 
heating rate and oxygen content. However, the temperatures at maximum weight loss rate and final temperatures of main 
pyrolysis stage increases greatly by 32  and 65  respectively (table 2), and the DTG curves tends to higher temperature 
(Fig. 6). 
The pyrolysis temperature increases. It doesn’t mean that the enhancement of increasing heating rate inhibits the 
decomposition of flexible PU foam but the heating process from medium - container – sample works. There is a temperature 
difference between the furnace and the tested foam, and a temperature gradient inside the specimen. The improvement of 
heating rates exacerbates the non-balance process, i.e., temperature difference increases with the heating rates increasing. 
Therefore, as heating rate increases, pyrolysis temperature increases, and the pyrolysis of flexible PU foam is delayed. 
Fig. 6 and Fig. 7 show that when heating rate increases from 10 K/min to 50 K/min, the maximum weight loss rate 
increases from 15%/min to 53%/min, and the maximum heat release rate increases from 4.7w/g to 11.4w/g. The increasing 
of weight loss rate results a faster smoldering propagation, higher concentration of pyrolytic gas, while the increasing of 
heat release rate causes higher smoldering temperature. Furthermore, when heating rates increases from 10K/min to 
50K/min, the pyrolysis cycle (final times of main pyrolysis stage subtract initial times of main pyrolysis stage) of flexible 
PU foam reduces from 9.4min to 3.2min, i.e. it accelerates the smoldering propagation. Therefore, the increase of heating 
rates enhances the pyrolysis rate, heat releases rate and shortens the pyrolysis cycle, and thus promotes the smoldering 
propagation and its transition to flaming.  
4. Conclusions 
(1) Flexible PU foam decomposed into isocyanate and polyol firstly, and then attained the decomposition of polyol at 
higher temperature. Oxygen content has no effects on the first decomposition reaction. But polyol decomposited at about 
280  under oxygen-containing atmosphere, while at 330  under nitrogen atmosphere. 
(2) The decreasing of oxygen content inhibits the pyrolysis of flexible PU foam, due to the suppressed decomposition of 
the polyol. The polyol is the main substance that affects the smoldering characteristics of flexible PU foam, and it is also the 
main material and energy source to maintain the smoldering propagation and its transition to flaming. 
(3) The influence of reducing oxygen contents on the pyrolysis of flexible PU foam can be separated into two cases. 
When oxygen content is between 10% and 50%, the reduction of oxygen content mainly reduces the pyrolysis rates and the 
heat release rates; When the oxygen contents are less than 10%, the reduction of oxygen content mainly enhances the 
decomposition temperature of flexible PU foam. 
(4) The increase of heating rates mainly accelerates the pyrolysis rate, heat release rate and shortens pyrolysis cycle, thus 
the smoldering velocity, smoldering emissions and temperature are increased. All of the factors promote the smoldering 
propagation, and  its transition to flaming of flexible PU foam. 
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